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Abstract— A hybrid distributed generation system (HDGS) 
using a multi-input multi-output positive buck-boost converter 
(MIMO-PBBC) is proposed for the supply-side of the grid-
connected photovoltaic (PV) generation power plant, where three 
PV clusters, one battery bank, and one supercapacitor module 
are hybridized and regulated by a centralized three-phase dc-ac 
inverter with their corresponding control systems. The major 
functionalities of the proposed systems including reactive power 
control, dc-link voltage regulation, low-voltage ride-through and 
maximum power point tracking are validated with excellent 
performance via computational simulation.  
Keywords—Hybrid distributed generation system; low-voltage 
ride-through; multi-input multi-output converter; positive buck-
boost converter; photovoltaic; supercapacitor; battery; energy 
storage. 
I. INTRODUCTION 
A hybrid distributed generation system (HDGS) integrating 
different types of available renewable energy sources (RESs) 
and energy storage devices (ESDs) is able to achieve  energy 
conversion and power delivery efficiently and effectively as 
long as appropriate control and coordination mechanism are 
carefully designed [1]. It is a remarkable solution for energy-
deficient areas to adopt RESs in a HDGS expected for 
significant advancement in energy efficiency, conservation and 
environmental protection [2]. 
Among various types of RES, photovoltaic (PV) is a 
reliable and economical technology which has been 
commercialized for decades. However, due to the intermittent 
nature of solar irradiance, the harness of the solar energy is 
most challenging for the grid-connected application as the scale 
of the PV plant is expanding. Technical requirements for these 
distributed generation systems stipulated by the grid codes 
must be strictly complied with to ensure the high-quality, 
secure and economic operation of both the generation plants 
and the interconnected utility grid. 
Another critical requirement from the grid codes is the 
capability of the grid-connected PV plant to provide low-
voltage ride-through (LVRT) during the voltage sag. The PV 
plant must be able to remain connected to the grid when there 
is fault occurring in the grid and possibly provide reactive 
power support to help the grid to recover to its normal state. In 
this paper, the LVRT requirement for the PV plant is assumed 
to be 0.625 s when 85% voltage drop occurs, which are 
modified from the US standard [3]. 
Nowadays, dozens kinds of multi-input multi-output 
(MIMO) dc-dc converters have been studied with increasing 
concerns in power electronics and RES areas because of their 
irreplaceable excellences such as higher efficiency, less 
component count, lower cost and simpler control method, 
compared with those conventional dc/dc converter structures 
for hybrid system [4-7]. Considering this, in this article, a 
HDGS based on a MIMO positive buck-boost dc-dc converter 
(MIMO-PBBC) is proposed to tackle all the associated issues 
mentioned above.  
The rest of the paper is organized as follows: the 
description of proposed system is presented in Section II; 
Supply- and grid-side topologies and control methodologies are 
introduced in Section III; a case study is illustrated in Section 
IV to test the availability of the proposed circuit for three 
operating scenarios in a grid-connected HDGS; Section V, 
finally, comes up with the conclusions. 
II. SYSTEM DESCRIPTION 
Energy source and energy storage of the proposed HDGS 
consist of PV clusters, battery bank and supercapacitor (SC) 
module. The system is connected to the main power grid via a 
MIMO-PBBC and a three-phase three-level dc-ac voltage 
source converter (VSC). The overall system configuration is 
shown in Fig. 1, including the following components: 
(a) A large number of PV clusters with remote geographical 
locations provide diverse amounts of power to the grid 
according to the local irradiance. Maximum power point 
tracking (MPPT) technique should be independently 
implemented for each PV cluster. 
(b) A lead-acid battery bank is utilized to serve as an ESD in 
order to smooth the power fluctuations that would occur at 
the dc-link due to irradiance variations or shadings. 
Discharging current of the battery bank shall be adjusted by 
an input current regulation (ICR) controller. 
(c) A SC module (SC bank) embedded with self-contained 
bidirectional buck-boost dc-dc conversion circuit is used for 
high frequency power flow and output voltage regulation 
(OVR). The supply-to-grid direction is voltage step-up 
conversion; the absorb direction is step-down. To maintain 
the dc voltage at its nominal value during the period of grid 
faults is the main control target of the SC module. 
(d) MIMO-PBBC is hereby considered as the hybridization 
media for the PV clusters, the battery bank, and the SC 
module because of its high tolerance of input voltage range 
and positive output voltage. It has inherited the 
configuration of the multi-input single-output PBBC 
topology presented in [8] and extended to MIMO topology 
according to the circuit given in [4]. Its parametric-
topological circuit will be introduced in Section III-A. In 
Fig. 1, the first n inputs i1-in are for the PV clusters located 
on diverse areas, with different irradiances I1-In and 
temperatures T1-Tn, while the last input in+1 is for the battery 
bank to supply energy. The first output o1 provides supply 
path from the PV clusters and the battery to the grid via a 
dc-link; The second output o2 goes to the SC to compensate 
and regulate the dc-link voltage; Output o3 connects to 
input in+1 to realize battery-charging mode when necessary. 
The switching functions applied on in+1 and o3 are 
complementary.  
(e) The three-phase three-level VSC is regulated by the grid-
side converter control. Decoupling control of the real and 
reactive power can be realized independently using vector 
control technique in the synchronous rotating reference 
frame. During the normal operation of the system, the dc-
link voltage Vdc is maintained as constant and the 
voltage/reactive power at the point of connection can be 
regulated as well. Normally for a small-scale PV plant, only 
the power factor correction (PFC) is considered by 
controlling the reactive power to zero, which converts the 
dc power to the three-phase ac forms and keeps unity power 
factor.  
III. CONVERTER MODELING AND CONTROL 
A. Supply-Side MIMO-PBBC 
The topology and configuration of MIMO-PBBC is shown 
in Fig. 2, with four input legs and three output legs. The inputs 
and the outputs are connected in parallel respectively with 
capacitors as ripple filters. The inputs are connected via power 
switches S1-S4 to a common module that containing an inductor 
L, a freewheeling diode D, and a common switch S to construct 
a multi-input PBBC circuit. Time-sharing switching functions 
are required on S1-S4 while S is switched on if any of S1-S4 is 
switched on. Once S1-S4 are all turned off, S is switched off and 
thus D would conduct for freewheeling. The detailed switching 
patterns for this circuit are given in [8]. Extended MIMO 
circuit with three outputs is developed through two power 
switches as Output 1 and Output 2 sharing one switch S_supply, 
while output 3 provides a charging path for the battery bank. 
Output 2 can be extended to an independent switchable circuit 
for more advanced energy management schemes. 
In such a way, battery discharging and charging actions can 
be implemented separately by S4 and S_store respectively with a 
complementary switching scheme. S1-S3 are optimized by three 
independent MPPT controllers which are equipped with the 
‘Incremental Conductance + Integral Regulator’ technique [9]. 
Manipulated by S4, ICR function is realized when battery-
discharging mode is required. In this paper, the discharging 
current reference is set to 5 A. 
B. Grid-Side Three-Level DC-AC Inverter 
The grid-side inverter delivers the power supplied from the 
MIMO dc-dc converter to the grid via filter and power 
transformer. As mentioned above, the main control objectives 
of the grid-side converter control are to maintain the dc-link 
voltage and to provide reactive power or ac terminal voltage 
support under the solar irradiance variation and during the 
period of system faults [10]. Compared to the most commonly 
used two-level inverter, the three-level inverter used here, often 
known as neutral-point clamped (NPC) inverter, has the 
advantage of reduced dv/dt and THD level in its ac output 
voltage and it can be used for the application with higher 
voltage level [11]. 
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Fig. 1. Block diagram for proposed HGDS schematic. 
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Fig. 2. Circuit topology of proposed MIMO-PBBC. 
 
The dynamic model of grid-side converter, including the 
dc-link and the choke filter in the synchronous rotating 
reference frame is given as 
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where vdi, vqi, idi and iqi are the d- and q-axis voltage and current 
components at the ac side of the grid-side inverter respectively, 
vdg and vqg are the d- and q-axis grid voltage components, and 
Lf and Rf are the resistance and inductance of the filter 
respectively. io1 is the current from Output 1 of the MIMO-
PBBC. Under the grid-voltage oriented control scheme [11], 
the real power and reactive power can be expressed as 
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The classic double-loop feedback control scheme for the 
grid-side inverter is shown in Fig. 3. The inner loop of this 
control scheme is the current control loop, where closed-loop 
feedback control with PI controller and feedforward 
compensation (decoupling voltages) are used to generate 
voltage reference v*di and v*qi. By substituting (3) into (2), it 
can be seen the dc-link voltage is able to be controlled using 
the d-axis current idi, while q-axis current iqi determines the 
reactive power Q*g according to (4). Note the neutral point 
voltage control is dispensable, although it is not shown in this 
paper. 
IV. ILLUSTRATIVE EXAMPLE 
A. Test System Configuration 
In this example, the HDGS system consists of three 33.3-
kW PV clusters, a 1-kW/0.1-Ah/360-V lead-acid battery bank, 
a 40-kJ/300-V/2-F SC module, and a grid-side inverter, which 
are connected using a four-input three-output MIMO-PBBC. 
The PV arrays use SunPower SPR-305-WHT-U (305 W/cell) 
PV cells with the connection of each array as series-5-cells in 
one string and parallel-22-strings in one array. The module 
characteristics of PV cells is extracted from National 
Renewable Energy Laboratory (NREL) System Advisor Model 
(SAM) [12]. The HDGS is then connected to a 25-kV 
distribution feeder plus a 120-kV equivalent transmission 
system via a 100-kVA 0.26/25-kV three-phase step-up power 
transformer and a LC-type filter. The overall schematic of the 
 
 
Fig. 4. MATLAB/Simulink system schematic for the proposed 25-kV grid-connected PV/SC/battery HDGS.  
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Fig. 3. General block diagram of double-loop control for grid-side converter. 
MATLAB/Simulink model is shown in Fig. 4. 
B. Scenario I: SC Response to 0.625-s Grid Fault 
In this case, the input solar irradiances for the three PV 
clusters are set to constant as 1000 W/m2. A 0.625-s three-
phase short-circuit fault occurs at t = 0.8 s. At the beginning of 
the simulation the system is operating at the normal state, the 
total output power of the PV plant is provided by the PV 
clusters, and the SC module is in the idle state. MPPT and 
battery ICR are enabled. MPPT starts regulating the three PV 
voltages by varying duty cycles on S1 through S3 in order to 
extract maximum power. The battery bank provides the power 
at about 0.7 kW with the regulated current of 5A. 
At t = 0.8 s, as shown in Fig. 5 (a), when the grid fault 
occurs, the terminal voltage Vg falls from 1.0 p.u. to about 0.15 
p.u. Due to the rating limitation of the VSC, the delivered 
power from the dc-link to the grid is restricted as shown in  
Fig. 6 (d). As shown in Fig. 6 (b), the extra energy is absorbed 
by the SC, and the power provided by the SC is about −80 kW, 
where the negative sign denotes that the SC is absorbing 
energy from the PV clusters. This process is regulated by the 
SC control inside of the module, resulting in a nearly constant 
dc-link voltage Vdc = 500 V during the fault period, as shown in 
Fig. 5 (c).  The battery stops supplying power to the grid, and 
as the SC has the capacity to absorb all the energy supplied 
from the PV arrays within such short period, the battery would 
not charge and the power is kept zero, as illustrated in Fig. 6 
(a). 
When the fault is cleared at t = 0.625 s, the PV starts to 
supply the power to the grid once again. The battery bank and 
the SC restore to its normal operation. From Fig. 5 (b), it can 
be seen that there is a fast transient, where the dc-link voltage 
rises by 50 V and then drops after about 0.05 s. This 
phenomenon is caused by the switching of the control 
objectives of the SC controller for the fault condition to the 
normal operating condition. Nevertheless, such amount of dc 
voltage rise is considered as acceptable for the dc-link 
capacitor. 
C. Scenario II: SC & Battery Response to 1-s Grid Fault 
In this case, similar to that in Scenario 1, three-phase short-
circuit fault occurs at t = 0.8 s at the same location within the 
grid, except that the fault duration is increased to 1.0 s. For this 
relatively longer period, the SC module is unable to absorb all 
the energy generated by the PV clusters. In order to avoid the 
unacceptable dc-link rise that could damage the devices, the 
battery also starts to charge the extra energy, which can be 
observed in Fig. 7 (a). In this situation, the dc-link voltage Vdc 
can be maintained at its nominal value even when the SC is 
fully-charged, which means the LVRT ability is enhanced due 
to the employment of the battery bank.  
D. Scenario III: SC & Battery Response to Irradiance 
Variations 
In this case, the system is working in the normal operation. 
The solar irradiances of the three PV clusters vary in different 
manners. For the first PV cluster, the irradiance I1 drops from 
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Fig. 6. System performance under terminal voltage drop due to 0.625-second 
three-phase short-circuit fault (Part 1).  
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Fig. 5. System performance under terminal voltage drop due to 0.625-second 
three-phase short-circuit fault (Part 2). 
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Fig. 7. System performance under terminal voltage drop due to 1-second 
three-phase short-circuit fault (Part 1).  
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Fig. 8. System performance under terminal voltage drop due to 1-second 
three-phase short-circuit fault (Part 2). 
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Fig. 9. System performance under solar irradiance variations (Part 1).  
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Fig. 10. System performance under solar irradiance variations (Part 2). 
the maximum value 1000 W/m2 by 500 W/m2 within 0.1 s. 
While for the second and the third PV clusters, their 
corresponding irradiances drops by 400 W/m2 and 300 W/m2 
within 0.1 s respectively. Normally, 30 W/m2-s can be 
considered as fast change for solar irradiance during the normal 
operation of the PV plant [13]. Here the selected change rates 
of the irradiances are much faster than this commonly used 
value in most literature, and it can be used to study the impact 
of the possible shading effect for the PV clusters. The 
simulation results are presented in Fig. 9 and Fig. 10. From Fig. 
9 (c) and Fig. 9 (d), it can be observed that due to the 
geographical diversity effect of the solar irradiance, the total 
output power Pg of the system is much smoother than that 
generated from the individual PV clusters, which would give 
less dynamic impact on the main grid. The SC is able to 
provide fast response to the irradiance variation, which can be 
observed in Fig. 9 (b). As the rate of change of the irradiance 
for the third PV cluster I3 is much faster than the other two, the 
SC would provide more power during the time from 1.2 - 1.3 s, 
when the fastest irradiance variation occurs for I3. In the 
meanwhile, the dc-link voltage Vdc is well-controlled by the 
grid-side converter controller, as can be clearly observed in 
Fig. 10 (b). As illustrated in Fig. 10 (e), the reactive power 
injected to the grid is kept to zero according to the PFC control 
strategy. 
V. CONCLUSIONS 
This paper proposes a HDGS using MIMO-PBBC for the 
grid-connected PV generation power plant with hybrid energy 
storage system, where the capability and the potential that 
MIMO power converters possess in the applications of HDGSs 
have been validated. As illustrative examples, three scenarios 
of a 4-input/3-output HDGS’s operating modes that may occur 
in practice have been studied for further verification. It is 
noteworthy that although six power switches have been 
employed, the utilized control degree of freedom in the 
proposed MIMO-PBBC topology is 5, of which 3 for the 
MPPT function, 1 for ICR of the battery’s discharging current, 
and 1 for mode transition between the discharging and the 
charging modes in the battery bank. The study cases investigate 
three possible modes that may occur during different operating 
states of the system, providing a good practical reference for 
the design of the energy management strategy of HDGS in our 
future work. 
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